Exogenous 1-14CIoleic acid and 11-'4Cllinoleic acid were taken up and esterified to complex lipids by greening cucumber (Cucumis sativus L.) cotyledons. Both 14C-labeled fatty acids were initially esterified to phosphatidylcholine prior to eventual accumulation in triacylglycerols and galactolipids. Kinetic data suggest that esterification occurs prior to de-saturation and that phosphatidylcholine is the initial site of both 14CI-oleate and 11-14Cllinoleate esterification and of II-'4Cloleate desaturation to 11-_4Cllinoleate. 11-14CILinoleic acid was esterified more rapidly than I'4Cloleic acid and its desaturation product, 11-14CIa-linolenate, occurred mainly on monogalactosyl diacylglycerol, although some was also observed on the other major acyl lipids, including phosphatidylcholine. (6, (8) (9) (10) .
mainly on monogalactosyl diacylglycerol, although some was also observed on the other major acyl lipids, including phosphatidylcholine.
The biosynthesis of polyunsaturated fatty acids by plant tisues remains an area of controversy some 20 years after the original demonstration by Smirnov (22) , shortly thereafter confirmed by Mudd and McManus (7) and by Stumpf and James (23) , that isolated chloroplasts could incorporate ["Clacetate into long-chain fatty acids. The activities of the de novo fatty acid synthetase, palmitoyl-ACP elongase and stearoyl-ACP desaturase have been well-characterized (4, 5, 24) and have recently been shown, in the case of mature spinach leaves, to be exclusively confined to the chloroplast (14) . Isolated spinach chloroplasts are also capable of synthesizing oleic acid from photosynthetically fixed CO2 and of incorporating the fatty acid into galactolipids (6, (8) (9) (10) .
In contrast, repeated attempts to observe the subsequent conversion of oleic acid to polyunsaturated fatty acids in isolated chloroplasts have proved unsuccessful. This has led to the proposal that there is an extrachloroplastic site for the desaturation of oleate to the polyunsaturated fatty acids that constitute the bulk of leaf fatty acids (21, 27) . In vivo-labeling kinetics from 14CO2 and [14C]acetate are consistent with an acyl-carrier role by pC2 during oleate desaturation (12, 13) , but definitive in vitro data are lacking (15, 17, 18, 21) . Meanwhile, the nature of the linoleate desaturase remains unknown.
In vitro studies have been hampered by the low rates of desaturation found in cell-free systems, and even in some intact tissues. We have recently demonstrated that etiolated cucumber cotyledons respond to illumination with an induction of the enzyme ' This work was supported in part by Grant 2R01 GM 19213-08 from the National Institute of General Medical Sciences. ' Abbreviations: PC, phosphatidylcholine; DG, diacylglycerol; DGD, digalactosyl diacylglycerol; FFA, free fatty acid; MG, monoacylglycerol; MGD, monogalactosyl diacylglycerol; PA, phosphatidic acid; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; SQD, sulfoquinovosyl diacylglycerol; TG, triacylglycerol.
activities responsible for oleate and linoleate desaturation (11) . Exogenous "C-labeled fatty acids are rapidly acylated by this tissue and their effective bypassing of the fatty acid synthetase renders them far more efficient substrates for studying desaturation than either "CO2 or We have previously noted that etiolated tissue will preferentially oxidatively degrade exogenous fatty acids (12) , whereas greening tissue will rapidly acylate and then desaturate long chain unsaturates. In this study we have followed the acylation, desaturation, and interconversion of ["4CJoleic acid and [1-'4C]linoleic acid in order to elucidate the mode of their metabolism in a developing photosynthetic tissue.
MATERIALS AND METHODS
Plant material was grown and incubated with "C-labeled substrates under conditions similar to those described in the previous paper (12) .
Lipid Analysis. Reactions were terminated by immersion of the cotyledons in hexane-isopropyl alcohol (3:2, v/v) followed by homogenization of the tissue in a TenBroek ground glass homogenizer until it was completely solubilized, with the exception of a small amount of white fibrous residue. This residue was repeatedly extracted in hexane-isopropyl alcohol (3:2, v/v) and the extracts were combined. Aqueous contaminants from the extracts were removed by partitioning against 50% of their volume of 6% aqueous Na2SO4. The organic solvent phase containing lipid was removed under a stream of N2 and the lipid residue was redissolved in a small volume of chloroform. Aliquots of the total lipid mixture were removed for analysis for fatty acids by GLC.
Total lipid mixtures were resolved by two-stage single dimensional TLC. The neutral lipids were initially separated in petroleum ether-diethyl ether-acetic acid Lipids and fatty acids were determined quantitatively on a Packard model 417 GLC with a flame-ionization detector and a 0.4-cm diameter x 1.83 m column packed with 10%1o EGSS run at 180 C column using C170 as an internal standard.
RESULTS
Glycerolipid and Fatty Acid Composition. In order to quantitate the data from the fatty acid-labeling studies, the absolute glycerolipid compositions of the principal lipid components of germinating cucumber cotyledons were determined. Table I shows the amounts of the principal glycerolipids of 7-day-old etiolated cotyledons compared with similar tissue illuminated for 16 h. The major lipids in the dark-grown cotyledons were PC, TG, and PE, which together accounted for over 60%o of the total glycerolipids. Following a 16-h illumination, the absolute amounts of these lipids decreased only slightly. However, since the amount of total lipid increased by 29%, the relative proportion of PC, TG, and PE declined by 14% from 60 to 46% of the total. At the same time, after greening, the principal chloroplast lipids that constitute the matrix of the photosynthetic membranes, ie. MGD, DGD, SQD, and PG, increased both in relative and absolute amounts.
The fatty acid compositions of the principal glycerolipids are given in Table II . The fatty acids of the etiolated cotyledons were relatively deficient in 18:3, which is the major fatty acid of the photosynthetic membrane systems, but which accounted for only 4% of the total in the etiolated tissue. After 16 h illumination, the proportion of 18:3 rose to 19% of the total, whereas the amount (mg g-1 fresh weight) of total acyl residues rose by 22%, which indicates that a rapid synthesis of 18:3 was taking place. The newly synthesized 18:3 mainly accumulated in the galactolipids MGD and DGD and in the chloroplast phospholipid PG. Relatively low amounts of 18:3 were found in the other principal chloroplast lipid, SQD. The increase in net 18:3 levels was accom- (Fig. 1) (Fig. 3) , and its esterification was virtually completed within 6 h. The primary lipid acceptor for linoleate was once again PC, although the phospholipid accumulated 14C for 12 h before showing a net decline. The efflux of 14C from PC was more rapid than in the [1-_4CJoleic acid incubations (Fig. 3) , with 40% of the label being lost between 12 and 32 h. An apparent flux of 14C was also observed in PE and DG, but this was far less dramatic than that seen in PC. TG and MGD accumulated 14C at almost equal rates for the first 12 h, after which MGD became more heavily labeled.
14C-labeled Fatty Acid Composition of Glycerolipids Labeled from 11-4CiLinoleic Acid. The rapid decline in '4C-labeled free linoleic acid was not accompanied by an increase in free ["4CIa-linolenic acid (Fig. 4) Specific Radioactivities of Glycerolipids Labeled from I1-"4Cl-Oleic Acid. Since the pool sizes of the principal "C-labeled glycerolipids differ markedly (Table I) , it is necessary to allow for such differences when considering the extent to which each glycerolipid pool is labeled. In Figure 5 , the specific radioactivities of the acyl moieties of the five main glycerolipids after incubation with [1-'4C]oleic acid are plotted. The data give a more accurate picture of the flux of '4C label through each of the glycerolipids than is possible by plotting only dpm in each lipid (ie. Fig. 1 ). After 6 h, PC is the most heavily labeled lipid. The data suggest a flux of "C through PC and PE, followed by an accumulation of "C in MGD and TG. After taking into account the pool sizes of MGD and TG present in the incubated tissue, it was concluded that the MGD pool was consistently labeled to a higher specific radioactivity than the TG pool. The data in Figure 5 labeled to a higher specific radioactivity than was [1-_4C]linolenoyl-PC. Since the specific radioactivity of linolenoyl-MGD was always higher than that of linolenoyl-PC, it is unlikely that alinolenate is transferred from PC to MGD. This is similar to the data from the [1-_4C]oleic acid treatments (Fig. 6 ) in suggesting a transfer of linoleoyl residues from PC to MGD, with the final desaturation to a-linolenate occurring on the galactolipid.
DISCUSSION
A role for PC as the substrate for oleate desaturation in a photosynthetic tissue was originally suggested by James' group (1, 13) following studies using the unicellular alga Chlorella vulgaris.
There is now substantial in vivo evidence from [14C]acetate and [14C]glycerol 3-P feeding studies that PC is also the major substrate of oleate desaturation in the leaves of higher plants (3, (15) (16) (17) (18) 21) . More recently, several groups of investigators have described PC acyltransferase activity in a number of developing seed systems (19, 20, 25, 28) and it has even been proposed that the major pathway of triacylglycerol biosynthesis in developing cotyledons occurs via PC (19) . These findings were not unequivocally confirmed in this study since, although the major flux of '4C from [ 
